Mordenite was synthesized using chemical reagents of amorphous SiO 2 and sodium aluminate without the addition of a template agent and a seed powder. The single phase of the mordenite was obtained for the Al/Si ratios of 0.0850.120 as the starting material in the reaction temperature range of 170200°C for 24 h. The cation exchange capacity (CEC) was ca. 180210 cmol/kg and it increased with the Al/Si ratio. The Cs + adsorption ability from 100 ppm Cs + 100 mL solutions of water and seawater for the mordenite (1.0 g) was >99% and ca. 8592%, respectively. A composite material consisting of the mordenite and magnetite (10, 20, 30 wt %) was synthesized for the magnetic collection. The total Cs decontamination rates using the magnetic collection material after the Cs + adsorption in water were also higher than 95% for all the examined magnetite-containing composite materials.
Introduction
The large amount of exhausted radioisotopes, such as 134 Cs (half-life: 2.1 y) and 137 Cs (half-life: 30.1 y), from the accident at the Fukushima No.1 nuclear power plant by the Great East Earthquake is an urgent problem. 1) 3) The decontamination of these radioactive Cs in ponds, sea, and rice fields is necessary for people in order for them to live without a health hazard.
Zeolites are porous aluminosilicates and widely used in industry as ion-exchange materials for water purification and catalysts in the petrochemical industry. 4) , 5) Zeolites having a high selective Cs adsorption ability are promising materials for this purpose. There are many types of natural and artificial zeolites. An Na-P1 type artificial zeolite (Na 6 Al 6 Si 10 O 32 ·12H 2 O) having a high cation exchange capacity (CEC) is able to be synthesized at a low cost using alkali from the waste coal fly ash of thermal power stations. 6) 9) The Na-P1 type artificial zeolite has a high Cs + ion adsorption ability and high CEC value. In our previous paper, we evaluated the conditions for the Na-P1 type zeolite preparation and synthesized the composite material (magnetic zeolite) of the Na-P1 type zeolite and nanosized magnetite by alkali processing from a mixed solution of the fly-ash and iron chlorides for the magnetic collection of the zeolite after the Cs + ion adsorption. 10) For our study, the order of the adsorption capacity of Cs + in Na + or NH 4 + coexisting solution was mordenite > clinoptilolite > Na-P1 ) zeolite A > zeolite X. 11) To improve the efficiency of the decontamination, we evaluated other kinds of zeolites having a higher Cs + ion adsorption ability and focused on mordenite (Na 8 Al 8 Si 40 O 96 ·24H 2 O). 11)13) Although the mordenite is naturally produced, the preparation of artificial mordenite is necessary to improve the Cs + ion adsorption ability and to synthesize the composite material. Up to now, mordenite has been synthesized from commercial reagents or a natural raw material called diatomite.
14) 19) In many cases, a template agent, such as diethanolamine (DEA) and/or a seed powder of the same zeolite, have been utilized for the preparation of the mordenite. The synthesis of the mordenite without the template and the seed is preferable as a simple and easy method. The synthesis of mordenite has been reported by a hydrothermal method using reagents of Na, Al and Si sources. 20) ,21) However, the conditions for the preparation have not been stablished in detail. The best decontamination property would be for the mordenite to be prepared from commercial reagents. In addition, the composite material of mordenite and nanosized magnetite using commercial reagents has not investigated.
In this study, we established the conditions for the mordenite preparation using chemical reagents. Furthermore, we synthesized a composite material of mordenite and nanosized magnetite for the magnetic collection of the zeolite after the Cs + ion adsorption.
Experimental

Preparation of mordenite
For the preparation of the mordenite (General composition: Na 8 Co., Ltd., 99.9% purity)) (6.876 g) was reacted using a solution of NaOH (1.30 g) with a small amount of deionized water (7.9 ml) for 30 min, and this resulting suspension was diluted with more deionized water (20 ml). On the other hand, the sodium aluminate solution was prepared using deionized water (20 ml). For the sodium aluminate powder (Wako Chemical Co., Ltd., extra pure reagent, mole ratio Al/NaOH = 0.78), the weight (g) from the Al/Si ratio for the starting materials is shown in Table 1 . The mixture of the SiO 2 suspension and the sodium aluminate solution was placed in a teflon container in a stainless steel autoclave, then heat-treated at 160200°C for 24 h. The powder was collected and washed several times by centrifugal separation, and dried at 70°C. Figure 1 shows the flow chart for the preparation for the composite material of mordenite and magnetite. Nano-sized magnetite was prepared by the reverse coprecipitation method. 22) For the preparation of the magnetite, a stoichiometric ratio of FeCl 2 · 4H 2 O and FeCl 3 ·6H 2 O was dissolved in deionized water. An NaOH solution (6 mol/L) was placed in a hot water bath at 80°C. The mixed solution was then directly dropped into the NaOH solution with stirring and maintained at the same temperature for 1 h. The suspension of the synthesized magnetite was washed several times with hot water to remove the impurities, such as Na + and Cl ¹ ions, up to pH < 8. For the composite material, the suspension of the magnetite was added to the mixture of the NaOH-reacted SiO 2 suspension and the sodium alminate solution as the starting material. The mixture was well stirred, then placed in an autoclave. The weight ratio of Magnetite/(Mordenite+Magnetite) for 10-, 20-, 30-wt % magnetites in the composite materials was controlled by using the desired amount of the starting materials, that is, the mordenite and the nano-sized magnetite suspension. The autoclave was heated at 180°C for 24 h. The synthesized powder was separated and washed several times with deionized water by centrifugal separation, then dried at 70°C for 24 h. Natural mordenite (Iizaka mine, Nitto Funka Co.) was utilized for a comparison sample.
Preparation of composite material
Characterization
The samples were characterized by X-ray diffraction (XRD, Model Rint 2000, Rigaku Co.) (Cu-K¡ radiation, 40 kV, 20 mA). The elemental ratio of Na, Al, Si, and Fe was analyzed by X-ray fluorescence (XRF, Model RIX2100, Rigaku Co.). The cation exchange capacity (CEC) for the magnetic zeolite was estimated by the K + ion adsorption using a 1M KCl solution. The K + adsorbed materials were exchanged again with NH 4 + ions using a 1M NH 4 Cl solution. The CEC was determined by the measurement of the K + ion concentration in a desorbed and washed solution using atomic absorption spectrometry (ZA3300, Hitachi Co.).
For the measurement of the Cs + adsorption ability, a 100 ppm Cs + solution was prepared using CsCl and 100 mL of deionized water or seawater in a conical flask. We used natural seawater after filtration for this experiment. The synthesized mordenite powder (1.0 g) was added in this solution and slowly shaken (Stroke: 4 cm, 1 Hz) for 1 h. After the centrifugal separation, the Cs + concentration in the solution was measured by atomic absorption spectrometry. Figure 2 shows the experimental procedure of the magnetic collection method. After the Cs + (100 ppm) adsorption of the composite material (1.0 g) in the water (100 mL) using shaking for 1 h, a neodymium magnet (14 mm¤ © 5 mm, 3000 Gauss) was placed in the solution, and the mixture was then slowly shaken for 2 h to collect the composite material. The collected composite material was dried, and the magnetic collection rate, R M (%), was calculated by the following Eq. (1): 
Magnetic collection rate for the composite material
R M ð%Þ ¼ M f M i Â 100ð1Þ
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where M i and M f are the weights (g) of the initial sample and the sample collected by the magnet, respectively. The total Cs decontamination rate was calculated by the multiplication of the Cs + adsorption rate and the magnetic collection rate. Figure 3 shows the XRD results for the samples (Al/Si = 0.085 as the starting materials) prepared by the reaction at 200°C for 6, 12, 24, 48, and 72 h. The peaks of the mordenite having a low intensity were detected with an amorphous phase (estimated from "halo") reacted for 6 h. The amorphous phase would react to form the mordenite phase up to 12 h. The peak intensity for the mordenite was hardly changed with the increase in the reaction time for 24, 48, and 72 h. Based on these results, the reaction time for this study was decided to be 24 h. Figure 4 shows the XRD results for the samples (Al/Si = 0.096) reacted at various temperatures for 24 h. In this case, the single phase of the mordenite was formed in the temperature range between 160 and 200°C. The peak intensity for the mordenite was increased by the reaction at 170°C and was not changed at any higher temperature. Figure 5 shows the XRD results for the samples of Al/Si = 0.0850.160 reacted at 180°C for 24 h. Although the single phase of the mordenite was formed for Al/Si = 0.120 and lower ratio samples, the mixed phase of the mordenite and analcime was obtained for Al/Si = 0.128 and higher ratios. An Na-P1 type zeolite was additionally detected for Al/Si = 0.160. Figure 6 shows the phases obtained under conditions of the heat-treatment temperature for 24 h and the Al/Si ratio as the starting materials. The formation of the mixed phase was confirmed for the high Al/Si ratio and the low heat-treatment temperature. The preparation condition for the single phase of the mordenite were in the temperature range of 170200°C and Al/Si ratio of 0.0850.120 for the starting material. Figure 7 shows the relationship between the Al/Si ratio for the starting material and synthesized material. The Al/Si ratio of the synthesized material was higher than that of the starting material. The non-reacted Si 4+ ions would remain in the solution after the reaction in the autoclave and were removed by the washing process. Figure 8 shows a comparison of the XRD patterns for the artificial mordenite from the reagents in this study (Al/Si = 0.085, 180°C, 24 h), artificial mordenite from diatomites, 18) and a natural mordenite. The mordenite synthesized from the reagents showed high intensity for the XRD peaks compared to those of the artificial mordenite from diatomites and the natural mordenite. The impurity free material had a high crystalline phase.
Results and discussion
Preparation of mordenite
Cs
© adsorption ability for the synthesized mordenite Figure 9 shows the CEC value and the Cs + adsorption ability in seawater for the Al/Si = 0.096 samples heat-treated at various temperatures for 24 h. The 100 ppm Cs + solution in seawater (100 mL) was adsorbed using the synthesized mordenite powder (1.0 g). Both values were hardly influenced by the reaction temperature. The CEC value was ca. 190200 cmol/kg, which is slightly lower than a calculated value of 229.1 cmol/kg for the mordenite (Na 8 Al 8 Si 40 O 96 ·24H 2 O). The Cs + adsorption rate in seawater was ca. 8592%. Figure 10 shows the CEC value and the Cs + adsorption ability in seawater for the Al/Si = 0.085 0.128 samples reacted at 180°C for 24 h. The CEC value increased with an increase in the Al/Si ratio for the single phase samples of 0.0850.12 as shown in Figs. 5 and 6. The CEC value significantly decreased for 0.128 due to the mixed phase with the analcime. In the case of the Cs + adsorption ability in seawater, the high rate of ca. 87% was obtained except for the mixed phase sample (Al/Si = 0.128). The low adsorption ability obtained for the mixed sample due to the poor Cs + adsorption ability of 6.8% in seawater was confirmed for the synthesized single phase of analcime.
Composite material (magnetic zeolite) of the mordenite and nanosized magnetite
The composite material of artificial mordenite and nano-sized magnetite was synthesized for the collection after the Cs + adsorption. The synthesis conditions of 180°C for 24 h was adopted for the artificial mordenite (Al/Si = 0.085). Figure 11 shows the XRD results of the artificial mordenite and the composite materials (magnetite of 10, 20, 30 wt %). The peaks for the magnetite with the mordenite were confirmed for the composite materials. The peak intensity of mordenite decreased with the increase in the magnetite content. Figure 12 shows the XRD for 2ª = 22 27°for the artificial mordenite (Al/Si = 0.085) and the composite materials (magnetite of 10, 20, 30 wt %). The peak position was shifted to a low 2ª angle for the composite samples. Table 2 lists the lattice parameters for these samples. The lattice parameters for the composite materials showed higher values than those for the mordenite. The iron ions having a larger ionic radius partially replaced the Al 3+ sites. Table 3 shows the XRF results for the elemental ratio of the artificial mordenite and the composite materials (10, 20, 30 wt %). The Fe content gradually increased with the increase in the magnetite content in the composite materials. The calculated weight ratios of the Magnetite/ (Mordenite + Magnetite) using the Fe/Si ratio were 13.3, 24.5, and 30.8 wt % for the 10, 20, and 30 wt % as the starting materials, respectively. As shown in Fig. 7 , the Al/Si ratio of the ions in the reacted solution would affect the higher magnetite content in the composite material. Figure 13 shows the CEC value and the Cs + adsorption ability in water and seawater for the composite samples of the mordenite (Al/Si = 0.085) and the magnetite. The CEC value for the composite materials proportionally decreased with the increase in the magnetite amount. The amount of the magnetite nano-particles in the composite material clearly influences the number of Cs + adsorption sites with the decrease in the mordenite content. For the Cs + adsorption ability, the Cs + adsorption is greater than 99% in the water and 8490% in the seawater. The Cs + adsorption slightly decreased with the increase in the magnetite content. The composite material maintained a high selectivity for the Cs + ion in seawater, because the existence of the magnetite did not strongly influence the adsorption of the small amount of the Cs + for the mordenite. Figure 14 shows the results of the Cs + adsorption rate in water (Fig. 13) , the magnetic collection rate, and the total Cs decontamination ability for the composite materials (10, 20, 30 wt %). After the Cs + adsorption in the water, the composite material was collected by a neodymium magnet. The Cs + adsorption rate in water was constant high value (>99%) for all the composite materials. The magnetic collection rate was greater than 95% for the magnetite-containing samples. This means that the magnetite was tightly bonded to the mordenite that formed the composite material. The total Cs decontamination rate was highly dependent on the magnetic collection rate. The total Cs decontamination rates by the magnetic collection after the Cs + adsorption in water were also greater than 95% for all the magnetite-containing composite materials. Figure 15 shows the FE-SEM images of (a) artificial mordenite, (b) composite material (20 wt %), and (c) TEM images for the composite material (20 wt %). The comparison of (a) the mordenite and (b) (c) the composite material shows the presence of the magnetite particles on the surface of the mordenite. The results of the high magnetic collection rate show the tight bonding between the mordenite and the magnetite particles. The partial replacement of the iron ions for the Al 3+ sites was confirmed as shown in Fig. 12 . The partial reaction between both particles would make the strong bonding of the composite materials. Based on these results, the magnetite-mordenite composite material is one of the suitable candidates for the Cs decontami- nation. In our previous study, we synthesized the mordenites from diatomite. 18 ) Figure 16 shows a comparison of Cs + the adsorption ability for the mordenites prepared from reagents and diatomite. Although the Cs + adsorption ability in water was greater than 99% for both mordenites, the ability in seawater was also higher for the mordenites prepared from the reagents. The selectivity in seawater for the mordenite prepared from diatomite was almost the same as that for the natural mordenite. 18) These abilities for the mordenite from reagents are the highest values because of the low impurities.
Conclusion
Mordenite has been studied as the most suitable adsorbent for radioactive Cs decontamination because of the high selectivity of the Cs + ion. In this study, the synthesis method for the mordenite was established using chemical reagents of amorphous SiO 2 and sodium aluminate. The CEC value (ca. 180210 cmol/kg) and the Cs + adsorption ability in seawater was superior compared to those of the mordenites prepared from diatomite and the natural mordenite because of the low impurities for the material made from the chemical reagents. For the composite material consisting of the mordenite and magnetite, the total Cs decontamination rates using magnetic collection after the Cs + adsorption in water were also higher than 95% for all the examined materials. These results would be the reliable standard ability for the low impurity mordenite and the composite materials for the radioactive Cs + decontamination.
